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This study has highlighted two different applications of supercritical fluid: sol-gel method 
following supercritical fluid drying for preparing fine silica particles (silica aerogel) and flavor 
impregnation (2-phenyl ethanol) into silica particles by using supercritical fluid carbon dioxide 
(ScCO2). 
Sol-gel preparation of silica particles followed by ScCO2 drying (extraction) has been addressed. 
The prepared silica particles were characterized by scanning electron microscope (SEM), BET 
analysis, laser particle size analyzer and Fourier transform infrared spectrometer (FT-IR). In 
particular, the effect of the drying pressure and temperature on the specific surface area of the 
produced silica particles was evaluated. Silica with specific surface area of 81-499m2/g were 
produced under the investigated pressures and temperatures. 
Keen focus was done on impregnation 2-phenyl ethanol (flavor) into prepared silica particles in 
comparison with MCM 41. The impregnation process involved: (1) vapor flavor impregnation 
(VFI) method by saturating the flavor through heating and suspending the dried silica, which 
allows the flavor to be adsorbed onto silica. (2) Supercritical fluid impregnation (SFI) method by 
immersing silica in a high pressure CO2 tank containing flavor, which allows ScCO2 to carry the 
flavor into the silica. For the later method, the effect of the impregnation pressure and 
temperature on the impregnation capacity was investigated. Results show that the modification 
of surface by drying silica in oven at 600 OC for 2hrs was found to yield better flavor holding 
capability compared to the undried silica. Results also show the advantages by using SFI over 
VFI in fast impregnation and high impregnation capacity. These results were further tested using 
thermo gravimetric analysis and FT-IR, indicating the effect of SFI to the structure of the silica 
materials. Langmuir adsorption model was applied to the correlation of the adsorption isotherms 
from SFI, and the second Fickian diffusion equation was applied to the calculation of the SFI 
process, providing a fairly good description of the process.   
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CHAPTER 1   INTRODUCTION 
1.1 SUPERCRITICAL FLUID 
The term supercritical fluid (SCF) refers to a substance that is above both its critical temperature 
and pressure. When a substance is placed above the critical point, only a single phase exists. The 
critical pressure is then defined as the vapor pressure of the gas at the critical temperature, and 
the temperature and pressure at which the gas and liquid phases become identical is the critical 
point. 
The in homogeneity is a fundamental concept that characterizes the supercritical status, and 
the density fluctuations are an indication of the no uniform distribution of the molecules in the 
space occupied by the fluid. Molecules organization inside the supercritical region with areas 
of specific local densities both for the gas and liquid was reported. This organization is 
dynamic and the density fluctuation allows explaining the increase of the fluid compressibility. 
In fact, in the CO2 phase diagram it is possible to identify into the critical region a ridge that 
separates the liquid-like (upper) and gas-like (lower) regions (Fig.ure1.1) [1].  
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Supercritical fluids possess characteristics intermediate to those of liquids and gases. The 
mass-transfer properties (diffusivity and viscosity) are similar to those of gases[2, 3], whereas the 
density and solvating capability are more similar to those of liquids. Another attractive feature of 
SCFs is the ease of tuning various physical properties by varying the operating pressure and 
temperature. Because of these unique features, SCFs serve as excellent processing media to 
replace or minimize the use of volatile and toxic organic solvents in many industrial processes 
and chemical reactions. Supercritical fluids have been exploited extensively in nanomaterial 
processing, ranging from chemical synthesis, polymerization, film generation, nanoparticle 
generation, nanoencapsulation, and mesoporous material generation to the impregnation or 
deposition of nanoparticles in porous materials. Thorough reviews on the application of SCFs 
focusing on different processes are going to be mentioned in literature. In this thesis, special 
attention is given to the application of supercritical carbon dioxide in the drying process during 
the formation of silica nanoparticles and the impregnation of flavor 2-phenyl ethanol into these 
silica particles. More applications of supercritical carbon dioxide will be briefly highlighted. 
1.2 CARBON DIOXIDE 
All gases become supercritical above their critical coordinates, although in some cases 
extremely high pressure and temperature may be required. Supercritical carbon dioxide 
(SC-CO2) is the most widely used SCF for applications because of its low critical temperature 
(31.2 oC) and pressure (7.4MPa), inexpensiveness, non-flammability, recyclability and 
environmental benignity in using it as a solvent. 
Carbon dioxide is also naturally abundant, with a threshold limit value (TLV) for airborne 
concentration of 5000 ppm at 298 K (to which it is believed that nearly all workers may be 
repeatedly exposed day after day without adverse effects), rendering it less toxic than many other 
organic solvents (acetone, by comparison, has a TLV of 750 ppm, pentane is 600 ppm, 
chloroform is 10 ppm) as reported [4]. Most of the CO2 employed in processes today is collected 
from the effluent of ammonia plants or derived from naturally occurring deposits e.g. tertiary oil 
recovery. Because industrially available CO2 is derived from man-made sources, if CO2 can be 
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sequestered volumes would not be high. Ultimately, one should consider the source of CO2 used 
in a process in order to adequately judge the sustainability of the process. 
Carbon dioxide can provide not only environmental advantages, but also chemical advantages 
when applied strategically [5-8]. (1) CO2 cannot be oxidized; (2) CO2 is benign and hence 
cross-contamination of the other phase during liquid–liquid extraction is not really contamination; 
(3) CO2 is an aprotic solvent; (4) CO2 is generally immune to free radical chemistry; (5) CO2 is 
miscible with gases in all proportions above 304 K. (6) CO2 exhibits a liquid viscosity. Carbon 
dioxide exhibits some inherent disadvantages where chemistry is concerned; some of these are 
unique to CO2 while others are common to any number of solvents [9]. (1) CO2 exhibits a 
relatively high critical pressure and vapor pressure; (2) CO2 exhibits a low dielectric constant; (3) 
CO2 is a Lewis acid; (4) CO2 poisons Ziegler-type polymerization catalysts. 
1.3 APPLICATIONS OF SUPERCRITICAL FLUID  
Supercritical fluid technology mainly includes supercritical fluid extraction, formation of 
particles by supercritical fluid, supercritical reaction (polymerization), supercritical fluid 
drying, supercritical fluid impregnation, and so on. Among the techniques, supercritical fluid 
extraction, formation of particles by supercritical fluid, supercritical fluid drying, and 
supercritical fluid impregnation have connections to the studies of this work; they are 
introduced as follows.  
1.3.1 Formation of particles by supercritical fluid 
Conventional well-known processes for particle-size re-distribution of solid materials are 
crushing and grinding which for some compounds are carried out at cryogenic temperatures, air 
micronization, sublimation, and recrystallization from solution. There are several practical 
problems associated with the above-mentioned processes. Some substances are unstable under 
conventional milling conditions, and in recrystallization processes the product is contaminated 
with solvent, and waste solvent streams are produced. Applying supercritical fluids overcomes 
the drawbacks of conventional processes and several processes for formation of solid particles 
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and fluid-dynamic properties of supercritical fluids can be used also for formation of composites, 
for impregnation of solids, for formation of solid emulsions, particle coating, e.g. for formation 
of solids with unique properties for the use in different applications. In this thesis, the 
fundamentals of the processes, their applications and the technological advantages and 
disadvantages of various processes for particle formation and design will be presented. 
Supercritical fluids in the particle formation technology has given birth to a number of modified 
processes (rapid expansion of supercritical solutions, gas antisolvent and supercritical antisolvent, 
and particles from gas-saturated solutions) that use different nucleation and growth mechanisms 
of precipitating particles as described simply below.  
The Rapid Expansion of Supercritical Solutions (RESS) consists in saturating a supercritical 
fluid with the substrate(s), then depressurizing this solution through a heated nozzle into a low 
pressure chamber in order to cause an extremely rapid nucleation of the substrate(s) in form of 
very small particles or fibers, or films when the jet is directed against a surface that are collected 
from the gaseous stream (see Figure 1.2).  
 
Figure 1.2 Experimental apparatus for RESS [10] 
 The pure carbon dioxide is pumped to the desired pressure and preheated to extraction 
temperature through a heat exchanger [10, 11]. The supercritical fluid is then percolated through 
the extraction unit packed with one or more substrate(s), mixed in the same autoclave or set in 
different autoclaves in series. In the precipitation unit, the supercritical solution is expanded 
through a nozzle that must be reheated to avoid plugging by substrate(s) precipitation. The 
morphology of the resulting solid material both depends on the material structure (crystalline or 
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of impact of the jet against the surface, dimensions of the atomization vessel, nozzle geometry) 
distance of impact of the jet against the surface dimensions of the atomization vessel, nozzle 
geometry. 
The gas antisolvent (GAS) and supercritical antisolvent (SAS) process is devised to recrystallize 
solid compounds that are not soluble in supercritical fluids. The technique is especially suitable 
for polymers because majority of polymers are not soluble in supercritical fluids or gases. The 




Figure 1.3 Experimental apparatus for SAS [12] 
The gas is injected into the solution in a closed chamber and the particle precipitation occurs as 
the gas concentration in solution increases with pressure. In this process, the antisolvent gas does 
not have to be at supercritical condition. The governing principle is solvent-induced phase 
separation .Upon introduction of the antisolvent, the fluid–solid and the liquid–liquid phase 
boundaries are shifted to higher temperature or higher pressures, respectively. As a result, the 
system which was initially in the one-phase homogeneous region finds itself in the two-phase 
region upon which undergoes phase separation leading to particle formation. A significant 
difference between GAS or SAS  process and the RESS processes is that in the RESS process 
one is dealing with a binary system of substrate and supercritical fluid, whereas in the GAS 
process, the system becomes a ternary system of substrate, organic solvent and ant solvent gas[12]. 
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